Advanced joining approaches are critically needed for the fabrication and integration of silicon carbide-based micro-electromechanical systems lean direct fuel injectors for jet engines. Diffusion bonding of silicon carbide with titanium interlayers offers advantages such as uniform application/surface coverage and no flow of the interlayer or the reaction formed phases during joint processing. The resulting joints were uniform, stable, leak free, and had high strength. Titanium interlayers with 10 and 20 lm thicknesses were obtained from physical vapor deposition (PVD) and pure metallic foils. The effects of the interlayer type and thickness and processing time on the resultant microstructures were investigated. The joints and their reaction-formed phases were analyzed with electron microprobe analysis and scanning electron microscopy coupled with energy-dispersive spectroscopy, ultrasonic immersion nondestructive evaluation method, and transmission electron microscopy. For the physical vapor deposition Ti interlayers, the 10 lm coating gave the best results yielding a joint that did not have intermediate phases or microcracking. For the Ti foil interlayers, the joint processed with a 4 h-hold time had more stable phases and less microcracking than those with 1 and 2 h-hold times. The average tensile strength of the diffusion bonds was 14.2 MPa which was 2-3 times higher than the application requirements. The diffusion bonding approach was shown to meet the requirements for SiC-based fuel injector fabrication.
Introduction
Silicon carbide (SiC)-based ceramics are being developed or are already being used in a wide variety of high temperature and structural applications including armor, 1 actuators and sensors, 2,3 micro-electro-mechanical systems (MEMS), [4] [5] [6] nuclear components, 7 optical mirrors, 8, 9 and in ceramic matrix composites (CMCs) for nuclear applications [10] [11] [12] and gas turbine engines. [12] [13] [14] [15] Favorable properties of SiC include high melting temperature, high strength, low coefficient of thermal expansion, creep resistance, high thermal conductivity, corrosion resistance, and thermal shock resistance. The specific application which is the focus of this article is a silicon carbide-based MEMS lean direct fuel injector 16 to be used in jet engines. There are two potential injector approaches, (i) a lean premixed preevaporated (LPP) injector; and (ii) a lean direct injector (LDI). The LPP approach has an advantage in that it produces the most uniform temperature distribution and lowest possible NOx emissions. However, a disadvantage is that it cannot be used in high pressure ratio aircraft engines due to auto-ignition and flashback. The LDI design was selected due its advantages in that it does not have the problems of a LPP injector (autoignition and flashback) and it provides extremely rapid mixing of the fuel and air before combustion occurs. 17 An illustration of the LDI injector is shown in Fig. 1 . It is made up of several laminates each of which has its own surface profile and hole pattern which form such features as the fuel holes, air swirlers, fuel cavities, and through holes for the combustion air. To build up the component, the silicon carbide laminates are stacked in sequence and joined to form internal flow circuits for the fuel and the by-pass air which is efficiently mixed at the exit side of the injector. Although the injector's application temperature will be well below the temperature capabilities of silicon carbide, there are several benefits to its utilization in this application. Silicon carbide could potentially allow for the laminate sections to be mass produced using batch etching processes rather than shaped by complex machining. In addition, the silicon carbide is a favorable material due to its thermal and chemical compatibility with sensor and actuator components that will be integrated into the injector. Integrated sensors and actuators will allow for improved flow monitoring, active combustion control, lean burning, and correction of combustion instabilities. At the exiting surface, the fuel and combustion air mix to provide efficient combustion with low emissions and low NOx. Joining approaches will be demonstrated in a simplified version of the injector which has only three laminate sections. The actual parts for the injector are shown in Fig. 2 .
A variety of joining methods are being developed for building up complex-shaped SiC components from simpler shapes fabricated by such methods as hot pressing, sintering, reaction bonding, and chemical vapor deposition (CVD). Joining can offer lower costs for fabricating components compared to the expense of processing thick, 3-D parts that may require advanced processing methods and extensive machining. The joining methods being developed include reaction bonding, glass bonding, brazing, and diffusion bonding. In reaction bonding carbonaceous mixtures are reacted with silicon carbide 9, 18 or silicon 19, 20 to form silicon carbide. Different types of polymers 21, 22 have also been used for SiC bonding with limited success. Active brazing with the Ag-Cu-Ti alloy had been used to join SiC 23 and had shown good success. Transient liquid phase (TLP) bonding has also been developed in which multiple interlayers are used to form joints through the formation of a thin transient liquid phase layer at temperatures that are typically several hundred degrees lower than those required for more traditional joining methods. 24 , 25 Hille et al 7 used brazing fillers of Y 2 O 3 -Al 2 O 3 -SiO 2 to join SiC using a laser beam. Diffusion bonding of silicon carbide has also been performed with the use of interlayers of Inconel 600, 26 nickel, 27 and titanium. 28, 29 Requirements for the SiC bonding technology for the current application include the ability to join relatively large, flat geometries (i.e., 10.16 cm diameter disks), leak-free operation, and chemical and mechanical stability for long durations (i.e., thousands of hours) at operation conditions. The SiC injector will be exposed to internal pressures of 1.38 MPa and a temperature of 450°C. Technical challenges which must be overcome to develop robust joining approaches include the formation of nonuniform bonds and open voids across the substrates, the formation of residual stresses during the cool-down stage after processing, and chemical incompatibility between the substrates, the starting bond material and the subsequent reaction formed phases. The stresses form due to thermal expansion mismatches between the two joined materials and the interlayers and can lead to microcracking. These technical challenges can be alleviated with the proper selection of joining interlayers and processing conditions.
In the present work, the diffusion bonding approach was selected to join SiC ceramic subelements. This approach allows for a uniform interlayer that can be applied as a coating or inserted as a foil with a cut out pattern to match the surface that is to be bonded. The diffusion bonding method is not expected to have any complications due to flow of the interlayer material or its reaction formed phases. A previous approach using silicate glass had complications due to glass flow that resulted in nonuniform bonds, leaks between laminates, and plugs in the small fuel holes at the exiting surface of the injector. The diffusion bonding approach, which requires the use of a hot press, is well suited to the design of the injector with its flat 2-D laminates. The work reported in this article has focused on optimization and characterization of the bonding technology to ensure that it meets the requirements for the injector fabrication and utilization.
Experimental Procedure
Joints of SiC-SiC were processed using a diffusion bonding approach which was conducted at elevated temperatures in a vacuum environment with the aid of a hot press and joining interlayers. The commercially available CVD b-SiC materials were obtained from Rohm & Hass (Woburn, MA). Two different interlayers were used for joining. The first was titanium metallic foil from Goodfellow (Glen Burnie, MD) with a purity level of 99.6% and thicknesses of 10 and 20 µm. The second interlayer was titanium coating with a thickness of 10 µm which was applied in-house onto SiC substrate surfaces using physical vapor deposition www.ceramics.org/ACT Integration Technologies for Silicon Carbide(PVD). For joining with the PVD Ti coating interlayer, surfaces with one coated and one uncoated substrate and with two coated substrates were matched to obtain 10 and 20 lm thick interlayers, respectively. Prior to joining, the materials (uncoated SiC substrates, coated SiC substrates, and cut metallic foils) were ultrasonically cleaned in acetone for 10 min. Joints using the PVD Ti coated SiC were processed at a temperature of 1250°C, clamping pressure of 24 MPa, 2 h-hold in a vacuum environment, and cooling rate of 5°C/min. Joints with the Ti foil as the interlayer were processed at a temperature of 1200°C, clamping pressure of 30 MPa, and cooling rate of 5°C/min. The joint formed with the 10 lm foil had a 2 h-hold. The three joints formed with the 20 lm foil had hold times of 1, 2, and 4 h. For joining conducted with the PVD Ti coatings, the SiC substrates had machined dimensions of 50.8 mm 9 25.4 mm 9 1.5 mm. The resulting jointed samples were cut in half and one of the halves was used for microscopy. For joining with the Ti foils, smaller SiC substrates were used so that the machining step after joining could be avoided and dimensions were 25.4 mm 9 12.7 mm 9 1.5 mm. All diffusion bonded samples were mounted in epoxy and polished in preparation for microstructural analysis of the cross sections. Once mounted in epoxy, the surfaces were rough ground down to a depth of about 3 mm and then polished to a smooth surface. Elemental analysis and phase identification was conducted on carbon-coated samples using electron microprobe analysis (EMPA) for the bonds formed with PVD Ti and using scanning electron microscopy (SEM) for bonds formed with the Ti foil. Both were coupled with energy dispersive spectroscopy (EDS). Transmission electron microscopy (TEM) was conducted on selected joined samples. TEM samples were prepared by using a focused ion beam (FIB) with gallium (Ga) as the ion source for micro machining a thin slice of constant thickness from a precise location on the sample. TEM sample preparation by FIB followed the procedure summarized below and described in detail in the literature. 30 Prior to cutting out the thin slice, the sample surface was coated with a carbon layer to protect the material from the ion beam. The ion beam was used to machine two parallel trenches on both sides of the sample area to be observed. The resulting wall constituted the parallel-sided thin slice. The FIB was equipped with an internal micromanipulator for extracting the slice. Through TEM specimen preparation by FIB, a clean, less damaged, and precisely selected thin specimen was successfully obtained compared to other methods such as ion milling.
Additional joints were fabricated to advance the joining technology toward application in the SiC injector component. To evaluate NDE methods and the joint quality, diffusion bonds were processed on two sets of PVD SiC disks that were 2.54 cm diameter. One pair of SiC substrates had a polished surface so that they had a black mirror-like finish and the other set was unaltered so that it had a nonreflective gray finish. For each of the two joining pairs, the surface of one of the substrates had a 10 lm thick PVD Ti coating applied to the 1.66 cm inner diameter of the substrate. After bonding, these two sets of joined disks were nondestructively evaluated (NDE) using ultrasonic immersion. Following NDE analysis, the disks were fracture tested to determine the strength of the bonds. In preparation for strength testing, the top and bottom surfaces of the joined samples were adhered to test fixtures and then the tensile pull tests were conducted. The fracture surfaces were analyzed under an optical microscope. Diffusion bonding was also used to join a pair of 10.16 cm diameter SiC disks in which one of the substrates had a 10 lm PVD Ti coating on one surface. The other substrate has a hole array through its thickness to simulate the holes to which metallic fuels tubes would be integrated. The diffusion bond was processed at a temperature of 1200°C, clamping pressure of 30 MPa, 4 h-hold, and cooling rate of 5°C/ min. Joining of the 10.16 cm disks was conducted to demonstrate and characterize joining on larger parts that are the same size as the injector parts. A section was cut from the joined disk and mounted in epoxy and polished in preparation for microscopy using SEM.
Results and Discussion

Joint Microstructure
The resulting diffusion bonds from using the PVD Ti coatings as the joining interlayer are shown in the microprobe images in Figs. 3 and 4 for the 20 and 10 lm thick layers, respectively. The compositions as determined by EDS analysis are shown in Table I for all the phases identified in the diffusion bonds. Phase identifications in the joint are based upon the average of 3-5 analyses of different locations across the sample for regions of similar appearance and composition. The bond from the thicker 20 lm layer was observed to have microcracks and the presence of three phases. The phases labeled as A2, B2, and C2 in Fig. 3 were identified as Ti 3 SiC 2 , TiSi 2 , and Ti 5 Si 3 (C x ), respectively. The microcracks may be due to a single factor or a combination of factors. One likely factor is due to the presence of the reaction formed phase of Ti 5 Si 3 C x (C2 in Fig. 3 ) which occurred in regions between the core of the diffusion bond and the edge of the SiC substrates. The Ti 5 Si 3 C x phase with its low at.% of carbon is also noted in literature as Ti 5 Si 3 . The titanium silicide phase (Ti 5 Si 3 ) has anisotropic thermal expansion. 31, 32 The coefficient of thermal expansion (CTE) is 6.11 ppm/K in the a-direction and 16.62 ppm/K in the c-direction, with a ratio of CTE(c)/CTE(a) equal to 2.72. Other researchers have reported a higher anisotropy ratio of 4.39. 33 As the joint is cooled after processing, the CTE mismatches may cause thermal stresses which contribute to microcracking. The bond formed with the thinner 10 lm layer, as seen in Fig. 4 , did not have microcracking. The two phases of Ti 3 SiC 2 (Phase A1) and TiSi 2 (Phase B1) were again identified which is consistent with the results by Gottselig et al. 29 for the temperature range of 1000-1250°C. The phase of Ti 5 Si 3 C x was not observed in this thinner bond. Naka et al. 34 also suggested that Ti 5 Si 3 C x is an intermediate phase that will not be present when phase reactions have gone to completion. This seems to be Better bond quality and a lower density of defects in thinner Ti interlayers were also noted by Cockeram 28 in which bonding with 5.1 and 25 lm Ti foils was investigated. The dark pores which appear in the bonds may be due to the formation of more dense phases during the diffusion bonding process. The pores which are very small and isolated are not expected not have a significant effect on the mechanical and leakage properties of the bond.
The diffusion bonds formed with the 10 and 20 lm thick Ti foils are shown in Figs. 5-8 and the compositions of the phases identified in each joint are provided in Table I . Each of the four joints had two of the same phases that are labeled as phase A and phase B in Table I and in the corresponding micrographs. The composition for phase A was in the range of 51-55C/13-14Si/32-35Ti (referred to as common A) and for phase B it was 38-47C/22-27Si/31-35Ti (referred to as common B). There were differences among the four joints regarding the presence of a third phase (phase C) and its composition. For the joint from the 10 lm Ti foil processed for 2 h, the third phase had a composition of 37C/43Si/20Ti. The relatively high Si content may help increase ductility in this phase so that stresses are alleviated and microcracks do not form. For the joints formed with the 20 lm Ti foil processed for 1 h and 2 h, the third phase (phase C in the two micrographs) had a composition of 57-58C/1-7Si/35-42Ti (referred to in Table I as "common A with lower Si content"). This phase which occurs at the core of the joint may be an intermediate phase that transitions to the composition of phase A as more Si diffuses from the SiC substrate. In these two bonds, phases A and C with their low silicon content may be less ductile and therefore may contribute to the observed microcracking. In the joint formed with 20 lm Ti foil processed for 4 h, smaller microcracks were observed. The presence of phase A with its slightly higher Si content and the absence of phase C with its lower Si content may contribute to slightly higher ductility and less cracking. In general, the phases formed in the joints formed with the Ti foil were carbon rich. The formation mechanism of these phases is still being investigated and will be reported in a future publication. Transmission electron microscopy was conducted on the diffusion bonds formed with 10 and 20 lm PVD coatings, 10 lm Ti foil held for 2 h, and 20 lm Ti foil held for 2 h. Micrographs of each sample are shown in Figs. 9-12 . Selected areas where diffraction (SAD) patterns have been taken are shown in numerical order. Although not pointed out in the micrographs, SAD patterns of SiC within the substrate region were also taken for each sample. In all specimens, 3C-SiC was identified in the substrate region. In 
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Integration Technologies for Silicon Carbideaddition, twin spots and the streaks perpendicular to the [111] direction of SiC in SAD pattern were observed, suggesting that this 3C-SiC may contain many micro-twins or stacking faults. The TEM micrograph of the diffusion bond formed with the 10 lm PVD Ti coating interlayer held at 1250°C for 2 h is shown in Fig. 9a . The diffusion bond consists of many reaction-formed grains with lengths of 1~2 lm and widths of 0.5~1.5 lm. In Fig. 9b is shown an enlarged micrograph of the vicinity of the location 8 of Fig. 9a , and its corresponding SAD pattern of the phase. The SAD pattern identified this phase as Ti 3 SiC 2 (hexagonal crystal structure [space group; P6 3 /mmc], lattice constant; a = 0.3068 nm, C = 1.7669 nm 35 ). In addition, the incident beam direction is [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] of Ti 3 SiC 2 .
Judging from analysis of SAD pattern obtained, it is obvious that the reaction formed phase at locations 6-10 and 13-19 is Ti 3 SiC 2 . Therefore, the dominant phase of the diffusion bond formed with the 10 lm PVD Ti coating interlayer is Ti 3 SiC 2 ; it is consistent with EMPA observation described before. A TEM micrograph of the diffusion bond from 20 lm PVD Ti at 1250°C with 2 h-hold is shown in Fig. 10 . At locations 2 and 5-8, Ti 3 SiC 2 was identified. This phase was also observed in this sample in the EMPA. On the other hand, TEM micrographs of diffusion bonds from 10 and 20 lm Ti foils at 1200°C with 2 h-hold are shown in Figs. 11 and 12 . SAD patterns identified Ti 3 SiC 2 at locations 1-5 of 10 lm Ti foil, and at locations 1, 2, and 6 of 20 lm Ti foil. In the TEM, additional phases have been observed but have not yet been positively identified. In the Ti-Si-C ternary system, other researchers 28, 29, 34, 36, 37 have reported the presence of not only Ti 3 SiC 2 but also other phases, such as Ti 5 Si 3 C x , TiC, and TiSi 2 in the reacted interface between SiC and Ti at high temperature. More detailed analysis is required to understand the phase formation in the present work and to positively identify the additional phases.
NDE and Mechanical Testing of Joints
The NDE method of ultrasonic immersion was conducted on the two joined sets of 2.54 cm diameter disks with a 10 lm thick PVD Ti coating applied to the 1.66 cm inner diameter of the substrate. The ultrasonic immersion method uses an ultrasonic pulse which is emitted and enters the specimen. The difference between the amount of signal that reflects back at the interface and at the backside of the sample determines bond quality. Less deflection at the bond interface correlates with good bonding. The NDE image of the joint formed with the polished SiC disks is shown in Fig. 13 . The image from the joined, unpolished SiC substrates was similar. The NDE results show both sets of joined disks, had good quality, uniform bonds. No delaminations were observed. The strength data from the tensile test are shown in Fig. 14 . Failures occurred at 13.4 and 15.0 MPa for the unpolished and surface-polished sets of joined substrates, respectively. The failures occurred primarily in the SiC region rather than in the bond region. The strength of the diffusion bonds was well above the requirements of the injector application which is about 3.5-7.0 MPa. Diffusion bonding with a 10 lm thick PVD Ti interlayer was demonstrated on larger parts that were 10.16 cm in diameter (Fig. 15a ). An image of the joined disks and SEM micrographs from a polished section are shown in Fig. 15b-c . The small isolated pores are not expected to have a significant effect on the strength and leak-free properties of the joint. The bond quality was very similar to the 
Conclusions
Diffusion bonding is an enabling technology for the fabrication of a silicon carbide MEMS lean direct injector for jet engines. The effects of the interlayer type, interlayer thickness, and processing hold times were investigated. For the PVD Ti interlayers, the 10 lm interlayer gave the best results with a joint that did not have intermediate phases or microcracking. For the Ti foil interlayer, the joint processed with a 4 hhold had more stable phases and less microcracking than those with 1 and 2 h-holds. Phases that contributed to microcracking were the anisotropic Ti 5 Si 3 C x phase and phases with compositions in the range of 44-58C/1-14Si/33-42Ti. The average tensile strength of the diffusion bonds was 14.2 MPa which is 2-3 times higher than that in the injector application requirements. The NDE method of ultrasonic immersion showed that the diffusion bonds were uniform with no delaminations. The diffusion bonding method was demonstrated on disks of 10.16 cm diameter which is of the same diameter as the injector. Diffusion bonding was shown to meet the strength, stability, and microstructural requirements for joining the SiC laminates for injector fabrication. Future efforts will include fabricating the actual injector parts and demonstrating leak-free operation. 
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